In this paper we demonstrate the possibility of using the close relationship between structure and air permeability of a woven fabric for the detection of the non-uniformity (or defects) in the structure of the fabric. Air permeability of fabrics is a principal property of the structure of a textile material. A very small change in the structure of the fabric at a given location causes a change in the permeability at that location. First we measure the air permeability at defined locations of the fabric. The method allows us to detect areas with an extreme value of permeability -the locations "suspected" of extreme unevenness of fabric's structure. Second, we explore the structure of the fabric in these areas of extreme values of the permeability and attempt to determine the causes of the irregularities in the fabric's structure. To quantify and describe the degree of these irregularities we applied methods of image analysis and statistical processing on acquired data. For our experiment, woven fabrics in the plain weave made from 100% staple yarn polyester were used. Results of our research confirm that significantly greater permeability variations occur in the weft direction of the fabric. Subsequent analysis of the structure of the fabric shows the bimodal nature or the data corresponding to the measurement of width of interyarn pore in the place of the maximal value of permeability. The observed higher value of permeability can be attributed to the irregularity of warp yarns at a given location of fabric. Initial permeability measurements enabled us to detect locations of its extreme values. Further close examination of these "suspected" locations of the fabric by a detailed analysis of the structure lead to the determination of the causes of the related irregularities.
INTRODUCTION
Physical and mechanical properties of textiles are determined primarily by their structure. A demanded requirement in several application areas of textiles is the homogeneity of their physical and mechanical properties. One of such physical properties is the air permeability. Permeability of textile materials is generally understood as the ability of air-permeable fabric to transmit air under given well specified conditions. The property of the textile's permeability is closely connected with the structure of the given textile material. The structure of the fabric is usually characterized by its porosity ( [1, 2 or 3] ). The total porosity of woven fabric usually comprises two types of porosity: the micro porosity (or intra-yarn porosity) is caused by the void spaces between fibers in yarns, the macro porosity (or inter-yarn porosity) is caused by the void spaces between yarns. Even very small change in the structure of the fabric causes a change in the permeability at the given location of the fabric. Therefore, it is necessary to keep a high degree of uniformity of the fabric structure to ensure stable values of the permeability throughout the entire fabric area.
As suggested in some earlier contributions ( [4, 5, and 6] ), assessment of the uniformity of fabric permeability in a given area can be performed by three-dimensional (3-D) surface graphs and some statistical methods (for example, the analysis of variance [7] or method specified in the work by Cherkassky [8] ). In this work, in addition to these basic methods, the relationship between the variations in the air permeability value and the changes (or irregularity) of the woven fabric structure is studied in more detail. http://www.jeffjournal.org Volume During the measurement, it is necessary to avoid the crumpled locations. Distance of measured location must be at least 10 cm from edge of the fabric. Average permeability is calculated from at least 10 measurement values that are acquired at different locations of the tested fabric. Standard devices can be equipped with different circular clamping jaw (5 cm 2 , 20 cm 2 , 50 cm 2 , 100 cm 2 ). The clamping jaw with the diameter area of 20 cm 2 is the most used one. The orientation of the fabric sample (in direction of the warp -weft) does not influence the outcome of the measurement because the measured area is always circular. The pressure difference Δp is recommended to be 100 Pa for apparel fabrics and 200 Pa for technical fabrics.
It should be noted, that the value of the permeability may vary considerably across the entire area of the fabric. This can be observed when measurements are performed across the "entire area" of the given fabric. However, it is not realistic to consider such a detailed set of measurements using standard measurement devices (for example, FX 3300), because one measured value corresponds to the area given by the area defined by the size of the clamping jaw of 20 cm 2 . In such a detailed approach when the entire area of the fabric is examined the time for an experiment increases significantly.
Variability of the Permeability
To perform our measurements we selected a regular mesh with the number of rows i = 7 and equal number of columns j = 7 (see Figure 2 ). The resulting number of locations in which the measurement has been made therefore equals to N = 49. The used clamping area was 20 cm 2 . Generally it is possible select a different mesh (different clamping area of sample S [cm 2 ], different spacing distance). In such a case, however, the obtained results will be different. We chose a mesh with spacing 20 cm, which choice was based on the experience with previous experiments [see also 4, 5 or 6] . When using the selected spacing, the variability of the permeability is sufficiently detected and the time required for an experiment is acceptable. A regular mesh is used for simplicity of the measurements, description of the data and their statistical processing.
For the description of the uniformity in the weft and warp directions the decomposition of the total coefficient of variation CV can be used. In the work [8] it is derived that CV can be expressed by means of the forms: coefficients are cross products of the variation coefficients. Then the total coefficient of variation CV has the same value in both cases expressed in Eq.
(1), the individual components, however, are different.
The uniformity of the air permeability can be estimated by the two-way ANOVA model described in [9] and expressed by:
where m is total mean value, α i describes effects of rows (warp direction), β j describes effects of columns (weft direction) and c is one degree of non-additivity parameter. By using ANOVA the following hypotheses can be tested:
whether interaction is zero
Variability in Inter-yarn Pore Size Two fabrics may have the same value of the surface porosity, however, their air permeability can be significantly different. Such fabrics may have a larger number of smaller pores or smaller number of larger pores. Therefore, in this paper we applied the analysis of the individual inter-yarn pores in relation to the permeability of the fabric. The value of the pore diameter is not well defined because pores do not have a regular shape. In a simple approach it is possible to assume that the diameter of a pore P D [m] equals to an average of its width P W [m] and length P L [m]:
where, d O , d U are diameters of the warp yarn and the weft yarn, respectively, and D O , D U are sets of warp yarns and weft yarns, respectively (see Figure 3 ).
In the case of fabrics made of staple yarns, the space of each inter-yarn pore is more or less affected by the area of the yarn hairiness. There is an assumption [10] that if the inter-yarn pores are large enough and the air has enough space for free passage, it will flow mostly just that way. The captured photos of fabrics, however, show (see for example Figure 4 -a) that the area of yarn hairiness overlaps the inter-yarn pore area significantly. Neither can this area be regarded as completely impermeable nor quite freely permeable. The area forms a kind of a "transition zone" (see Figure 4 -b). In the case that monofilament thread is used, the border between the thread and the inter-yarn pore is clear. In the case when a staple yarn is used, the determination of this border is only a matter of an intuition.
The effect of the yarn hairiness on the air permeability of a fabric increases in the context of irregularity of warp and weft yarn setts. A number of performed theoretical calculations of the structural characteristics of the fabric [1, 2, 11 or 12] automatically accept the assumption that the interyarn pores in the fabric are all of the same size -as a rule of an "average pore". However, the real fabric may not look like that. The area and the perimeter of the perpendicular projection of the average inter-yarn pore will not change by mutual displacement of individual yarns in the fabric, but only in the case when the yarn hairiness is neglected. As a result of the close http://www.jeffjournal.org Volume 9, Issue 4 -2014 position of two adjacent yarns their areas of hairiness overlap (are depressed). Then, due to unevenness of the fabric structure the size of one pore is increased while the adjacent pore size is reduced (see Figure  5 ). FIGURE 5 . Schematic of the mutual displacement of an individual yarns in the fabric. Fabric on the left has regularly spaced warp threads. Fabric on the right has irregularly spaced warp threads -in some cases the hairiness of two adjacent yarns may overlap.
Consequently, in the case of fabrics made from the staple yarns, the distribution of the inter-yarn pore size is significant. This phenomenon has very strong effect on the air permeability of woven fabric.
MATERIAL AND EXPERIMENT
In this research a set of 9 woven fabrics was used for the experiment. These experimental 100% polyester fabrics were used in the greige state. The yarns used were produced by the ring spinning technology. A summary of some fabrics parameters is shown in First, the permeability was measured for all fabrics. Then the geometry measurements were performed. The measurement of the air permeability was acquired in agreement according to the standard ČSN EN ISO 9237 with the use of standard measuring instrument FX 3300. We used the clamping area 20 cm 2 and the pressure difference 100 Pa. Each sample was measured 49 times in the position presented in Figure 2 . An example of measured values is given in Then the experimental data were processed by the methods of the statistical analysis introduced above.
Results of this analysis are summarized in Table III . http://www.jeffjournal.org Volume 9, Issue 4 -2014
Using an image analysis (software LUCIA G) the size of inter-yarn pores was determined (namely, the values "pore width" P W [m] and "pore length" P L [m] -see Figure 3 ). The measurement was performed by one person and pore boundaries were chosen subjectively. Figure 8 shows some images of measured fabrics. 
RESULTS AND DISCUSSION
The data obtained by measuring the permeability of fabrics were processed using the software QC Expert. The results obtained using the ANOVA statistical method is presented in Table III . Acceptance of hypothesis H 0 corresponds to the uniformity of the fabric in the warp direction. This hypothesis was rejected in most cases. Acceptance of hypothesis H 0 * corresponds to uniformity in the weft direction. This hypothesis was rejected in all cases. Moreover, the values given in last column of Table III very significantly exceed criterion 2.364. Consequently, the irregularity of the fabric sample in the weft direction is very important. These results show that the fabric exhibits significantly greater permeability variations in the weft direction (as seen from Figure  6 and Figure 7 ) and indicate a possible irregularity in the structure of the fabric. The data obtained by measuring the dimensions of individual inter-yarn pores (length of the pore -P L [m], width of the pore -P W [m]) were also statistically processed using the software QC Expert. In this case the method of comparing two choices was used -one choice in the location of the fabric that corresponds to the maximum value of permeability (~ A) and one choice in the location with the minimum value of permeability (~ B). Some results are shown in Table IV . The results shown in the Table IV demonstrate that the average pore size varies across the given fabric. However, for the values of P W the average conformity was demonstrated for most fabrics. Yet it is also important to note that the coefficient of variation for the measurement of P W is significantly greater than for the measurement of P L (see Table V ). It is evident that the value of P W (cross pore size) varies significantly, which indicates uneven distribution of warp threads in the fabric. We have constructed histograms from the measured values of P W and P L . These histograms confirmed the bimodal nature of the data corresponding to the measurement of P W values in the place of maximum value of permeability. This bimodal character of distribution is also consistent with the images shown in Figure 8 . Some examples of graphs obtained using the software QC Expert are shown in Figure 9 - Figure 15 . They show that in the case of the same average values of the pore size (characteristic dimension), the permeability can be very different. A summary of the important data is presented in Table VI and Table VII . These graphs (see Figure 9 - Figure 15) show the difference between arrangement of the warp and weft yarns. Figure 10 , Figure 11 and Figure 12 show that the average value of P L (~ distance between two adjacent weft yarns) slightly varies but the distribution has only one mode. In the case of the value P W the bimodal distribution is often observedalways on the fabric location corresponding to the AP max and only in some cases on the locations corresponding to the AP min . Figure 13 shows that a greater difference in values of each mode leads to a higher value of permeability (which confirms the initial assumption). Figure 9 shows clearly how a higher frequency of "the small pores" leads to a lower value of the permeability and a higher frequency of "the larger pores" leads to a higher value of permeability. http://www.jeffjournal.org Volume 9, Issue 4 -2014 
CONCLUSION
The aim of our contribution is to demonstrate a very close relationship between the air permeability and the structure of a fabric. The adopted measuring method of the fabric permeability is a very simple and non-destructive test that can detect nonuniformity (or defects) in the structure of the fabric. The method can be used for assessment of the quality of fabrics, especially of those for which permeability is one of the vital characteristics (such as fabrics for air bags, parachutes, and barrier fabrics ), but also others. The subsequent detailed analysis of fabric structures carried out directly in the location of the extreme values of the air permeability can then help us to find and determine the cause of the defects. 
